Quantification of endogenous IAA and lAAsp was carried out during adventitious root formation in avocado microcuttings. Both auxin and conjugate were monitored in control cuttings (rooted in the absence of auxin) as well as in cuttings treated with a rooting promotor (IBA) or an auxin transport inhibitor (TIBA). Additionally, a histological study to follow root differentiation was carried out. In control cuttings IAA levels remained constant throughout the rooting process, however, in IB A-treated cuttings IAA levels increased 2-fold during the first 6 d. Addition of 200 fit* TIBA induced a slight decrease of IAA levels and inhibited root formation.
Introduction
In most woody plants adventitious root formation is a crucial step for in vitro clonal propagation. In avocado (Persea americana M.), juvenile microcuttings can be rooted up to 100% under appropriate culture conditions (Pliego-Alfaro, 1988) , however, shoots obtained from in vitro cultured adult buds are extremely difficult to root (Barcel6-Mufioz and Pliego-Alfaro, 1986; Pliego-Alfaro and Murashige, 1987) .
The critical role of auxins on root formation is well established (Blakesley et al, 1991) . There are, however, different hypotheses to explain the neccessity for auxin during the process of adventitious root formation. Gaspar (1981) indicated that a decrease in auxin levels occurs at the initiation phase of the rooting process, while Jarvis (1986) sustained the opposite; more recently, Nordstrom and Eliasson (1991) have reported no variation in levels of free auxin throughout the rooting process. This controversy could be due to the fact that adventitious rooting can be divided into very different phases (Moncousin, 1988) . It is also certain that endogenous auxin levels have been measured in different plants during the rooting process but a histological study has not always been carried out (Lovell and White, 1986) ; furthermore, we must take into account that sufficiently selective and sensitive methods for auxin quantification are relatively new (Sandberg et al, 1987) .
In this investigation we have tried to clarify the role of auxin during adventitious root formation in juvenile avocado microcuttings. Quantification of endogenous indole-3-acetic acid (IAA) and indole-3-acetyl-aspartic acid (IAAsp) has been made during the rooting process and under treatments known to increase or inhibit root formation. Additionally, a histological study to follow up root differentiation was carried out.
Materials and methods

Plant material and culture conditions
All the experiments were performed with microcuttings from 4-6-week-old avocado seedlings of the cv. Topa-Topa. Seeds were sterilized and germinated in vitro according to PliegoAlfaro (1988) . When shoots were 4-6 cm long, apical sections (2 cm) were removed and successively cultured into two rooting media as proposed by Pliego-Alfaro (1988) . The first rooting medium in which cuttings were placed for 3 d was supplemented with indole-3-butyric acid (IBA) 5-100 ^M; the second medium lacked IBA but contained activated charcoal (Sigma, neutralized powder), 1 gl"
1 . Both rooting media contained the Murashige and Skoog salts (Murashige and Skoog, 1962) at 0.3 x standard strength and (inmgl" 1 ) sucrose, 30000; thiamine hydrochloride, 0.4; i-inositol, 100; and TC agar, 8000. After approximately 2 weeks the first roots were visible and virtually all shoots had rooted after 4 weeks.
When 2,3,5-triiodobenzoic acid (TIBA) was added, a double phase medium was used in the two rooting stages. The lower phase was a solid medium with the same composition as that described above for each stage. The liquid upper phase had the same composition as the solid phase, although lacking agar, and was supplemented with different concentrations of TIBA. Two experiments were carried out with TIBA. In the first one, the effect on rooting of 10-200 M M TIBA was evaluated in the absence of auxin, e.g. IBA was omitted in the first stage of the rooting process. In the second experiment, TIBA was used at a level of 200 ^M and IBA (5-KXVM) was used in the first stage of the rooting process.
Extraction and quarrtrtation of auxins
IAA and IAAsp acid were extracted and quantified using HPLC following the procedure described by Nordstrdm and Eliasson (1991) during days 0, 3, 6, 9, and 12 of the rooting process. Three types of microcuttings were used, e.g. control, treated with 100ftM IBA during the first stage of the rooting process, and treated with 200 ^M TIBA during the two stages of the rooting process.
Histological procedures
Stem sections (5 mm long) from the basal part of the three types of microcuttings used for extraction and quantification of auxins, were sampled on the same days described above and fixed in a formalin-acetic acid-alcohol solution. The fixed pieces were dehydrated in an ethanol-butanol series and embedded in paraffin. Transverse sections (lOjun thick) were hydrated and stained according to Gerlach (1969) .
Results
Effect of exogenous auxins and TIBA on rooting
Juvenile avocado microcuttings generally root up to 100% when cultured in a medium lacking auxin (Pliego-Alfaro, 1988) . Addition of IBA in the range 5-100 ^M during the first rooting stage (3 d) did not alter the rooting percentage obtained in control cuttings; however, the highest level of IBA (100^M) significantly increased the number of roots/culture (Fig. 1) . At this concentration 80% of the shoots developed a large basal callus. Higher concentrations of this auxin do not increase the number of roots/culture (Pliego-Alfaro, 1988) .
The presence of TIBA (an inhibitor of polar auxin transport), 10-200 pM, in the liquid medium (upper phase) during both stages and in the absence of auxin, diminished the rooting percentage. The highest concentration used (200 /xM TIBA) completely inhibited root formation (Table 1) .
Addition of IBA (5-100 ^M) to the solid phase during the first 3 d of the rooting process, in the presence of 200 /iM TIBA in the liquid phase, partially overcame the inhibition caused by this compound (Table 2) .
Histological studies
Microcuttings rooted in basal medium: At day 0 the stems of microcuttings showed typical collateral vascular bundles. The cells of the cambium did not show any type of activity and the xylem contained highly lignified vessel elements (Plate 1A). After 3 d in the rooting medium, the cambium became active and some cell nuclei appeared densely stained. From days 3 to 6, cambial derivatives divided and formed radial rows of cells around the xylem. The development of secondary tissue was also observed; a ring of xylem and groups of phloem fibres could be observed (Plate IB). During days 6-9, some of the cambial derivatives formed meristemoids, these meristemoids always appeared very close to the phloem showing the characteristic curved form produced by a change in the cell division planes (Plate 1C). From days 9 to 12 the primordia continued their development, the highly stained cells of the periphery were presumably those of the root cap. Differentiation of tracheary elements in the lower part of the root primordia were also visible at that time (Plate ID). By day 15, the first roots had started to break the epidermis and became visible at the base of the cutting.
Microcuttings treated with 100 ^M IBA: Addition of 100/xM IBA to the first rooting medium (3d) did not alter the differentiation pattern observed in control cuttings. As expected, cambial development was more pronounced and the number of primordia per shoot was higher than in control cuttings.
Microcuttings treated with 200 /MM TIB A:
Addition of 200 /xM TIBA in both stages of the rooting process did not prevent cambium division nor differentiation into xylem and phloem cells. However, in no case could signs of primordia differentiation be observed (Plate IE).
Auxin analysis
Microcuttings rooted in basal medium: No differences were found in the levels of endogenous IAA between the basal (first cm) and apical (rest of the cutting) parts of the shoots at the time the cutting was taken (day 0). Levels remained constant in both parts throughout the rooting process ( Fig. 2A) . IAAsp levels were also the same in apical and basal parts at day 0 when the ratio IAA: IAAsp was 1:4, however, in the apical part, IAAsp levels remained constant during the rooting process as with IAA levels, whilst in the basal part a 6-fold increase was found between day 0 and 6. This day coincided with cambium development and differentiation into vascular cells, but no meristemoids were visible yet. From day 6 to 12, IAAsp levels decreased and reached the levels found at day 0 (Fig. 2B) . increase in IAA levels from days 0 to 6 in the basal part of the cuttings, thereafter these levels diminished gradually and by day 12 reached the same values found at day 0 (Fig. 3A) . IAAsp levels showed a large increase between days 0 and 3 (Fig. 3B) and, as the process continued, the levels tended to decrease, although still remaining quite high (2,xg/gpf)byday 12.
Microcuttings treated with 200 pM TIBA: Addition of TIBA 200 fiM to both rooting media completely inhibited primordia differentiation. IAA levels showed a slight decrease in the basal part of the cuttings (Fig. 4A) . As for the IAAsp, the levels of this conjugate not only did not increase, as in all the other treatments, but diminished progressively during the rooting process (Fig. 4B) .
Discussion
Juvenile avocado microcuttings show excellent rooting capacity when cultured in medium without auxin (PliegoAlfaro, 1988) . However, endogenous auxin levels must play a critical role in adventitious root formation since a decrease of polar auxin transport caused by 200 pM TIBA completely inhibited root primordia differentiation, although not activation and development of cambial cells. The increase obtained after using IBA on the number of roots per cutting is similar to that found in many other woody plants (Jarvis, 1986) . IBA has been identified as an endogenous hormone in several plants (BadenochJones et al, 1984; Schneider et al., 1985) , however, its mode of action is not clear. It has been proposed that this hormone could exert its action through its conversion into IAA (Epstein and Lavee, 1984) .' In this investigation we have measured endogenous IAA and IAAsp levels after treatments with various concentrations of IBA.
In control microcuttings (rooted in the absence of auxin) endogenous levels of IAA remained constant throughout the rooting process; thus, no accumulation of IAA seemed to be necessary to initiate nor to sustain development of the root primordia. These results agree with those found in Pisum sativum (Nordstrdm and Eliasson, 1991) but are in conflict with observations made by other authors, who proposed an accumulation of auxin at the beginning (Jarvis, 1986) or at the end (Gaspar, 1981) of the initiation phase during the adventitious root formation process. Nevertheless, in juvenile avocado cuttings an increase in the quantity of IAA reaching the base of the cutting must take place, as IAAsp levels increase during the first part of the rooting process. Thus, auxin would be required at the early stages of rooting, i.e. activation of cambial cells (days 0-3) and division of cambial cell derivatives (days 3-6). Formation of IAAsp could then be a mechanism of detoxifying excessive levels of free IAA as suggested by NordstrSm et al. (1991) . The observed decrease in IAAsp levels which takes place in control cuttings during the initiation of root primordia (days 6-9), could be due to a release of free IAA through hydrolysis of the conjugate. This free IAA would be necessary during the early phases of root primordia formation as stated by Norcini and Heuser (1988) . The conjugate could also be oxidized as has been shown in Vicia faba (Tsurumi and Wada, 1986) and Populus tremula (Pluss et al., 1989) . This oxidation, probably, must occur in IBA-treated plants, as the large increase and decrease sufTered by IAAsp levels did not alter free IAA levels very much. Accumulation of IAAsp following auxin treatment has also been observed when rooting poplar shoots in vitro (Hausman, 1993) . In this system and similar to the results obtained in avocado, decreasing IAAsp levels did not give rise to a paralell increase in free IAA. In any case, the results obtained with 200 pM TIBA indicate that conjugates, i.e. IAAsp, should serve as a source of free IAA necessary for root initiation.
Under this treatment in which a slight decrease in endogenous IAA levels took place and the observed accumulation of IAAsp in control cuttings did not occur, differentiation of root primordia was not observed.
